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Three-dimensional (3D) domain-swapped proteins are intermo-
lecularly folded analogs of monomeric proteins; both are stabilized
by the identical interactions, but the individual domains interact
intramolecularly in monomeric proteins, whereas they form inter-
molecular interactions in 3D domain-swapped structures. The
structures and conditions of formation of several domain-swapped
dimers and trimers are known, but the formation of higher order
3D domain-swapped oligomers has been less thoroughly studied.
Here we contrast the structural consequences of domain swapping
from two designed three-helix bundles: one with an up-down-up
topology, and the other with an up-down-down topology. The
up-down-up topology gives rise to a domain-swapped dimer
whose structure has been determined to 1.5 Å resolution by x-ray
crystallography. In contrast, the domain-swapped protein with an
up-down-down topology forms fibrils as shown by electron mi-
croscopy and dynamic light scattering. This demonstrates that
design principles can predict the oligomeric state of 3D domain-
swapped molecules, which should aid in the design of domain-
swapped proteins and biomaterials.

Three-dimensional (3D) domain swapping is a mechanism of
exchanging one structural domain of a protein monomer

with that of the identical domain from a second monomer,
resulting in an intertwined oligomer. The swapped domain has
nearly identical noncovalent interactions in the oligomer as in
the monomer. More than a dozen crystal structures have been
determined of dimers and trimers that are 3D domain swapped
(1). Domain swapping provides a plausible mechanism for the
evolution of functional sites located between the monomeric
units of oligomers with well-defined aggregation states (2). 3D
domain swapping may also lead to polymerization, and has been
suggested as a mechanism of forming protein amyloid fibrils (1,
3). At least two proteins, diphtheria toxin and ribonuclease A,
are known to form higher order oligomers (4–6), but the atomic
structures of these oligomers are not yet known. These oligomers
form under the same conditions as the 3D domain-swapped
dimers (DSDs) of known structure, and are presumably also
linked by swapping domains.

The present paper illustrates through protein design how 3D
domain swapping can lead to a DSD or to domain-swapped
oligomers, depending on the topology of the monomeric
protein. To illustrate this concept, we have prepared domain-
swapped derivatives of two different, monomeric 3-helix bun-
dles (Fig. 1 A and B). The bundles (Fig. 1) are variants of the
designed 3-a-helical bundle called coil-Ser, whose design (7–9)
was based on the heptad repeat sequence of a-helical coiled
coils. The 3-a-helical bundle of coil-Ser has an antiparallel
packing arrangement, in which each a-helix is made of four
heptad repeats containing leucine residues in the a and d
heptad positions (Fig. 1C; ref. 10). The crystallographically
determined structure of coil-Ser has served as a template for
the design of antiparallel three-a-helix bundles with up-
down-up topologies, consisting of three a-helices intercon-
nected by two short loops (11–13). In these designs, the helices

were shortened to a length of three heptads, and interhelical
electrostatic interactions (14) were used to define a unique
topology. Here, we examine domain-swapped versions of this
class of three-a-helix bundle proteins. To simplify the synthesis
and modeling, the helices in the target structures were further
shortened to two heptads, resulting in a model three-helix
bundle with 14 residues per helix. The helices were then
connected by loops to provide two bundles differing in topol-
ogy, designated Mon1 and Mon2, with up-down-up (Fig. 1A)
and up-down-down (Fig. 1B) topologies, respectively.

Loop deletion is a common mechanism for forming 3D
domain-swapped oligomers from monomers, and is seen in a
number of natural proteins (15–18). We therefore considered
the consequences of deleting the second hairpin loop (Loop 2),
which should give rise to a hairpin shaped open monomer with
a short 14-residue a-helix (domain I) packed antiparallel
against a longer, 28-residue a-helix (comprising domains II
and III) (Fig. 1 A and B). Depending on the topology of the
starting bundle, the oligomerization of the resulting open
monomers should lead to different results. If the original
closed monomeric protein has an up-down-up topology, do-
mains I and II from one open monomer might be expected to
interact with domain III9 of a second open monomer, with
retention of the up-down-up topology. This topology allows
the same type of interaction, as seen in Mon1, between
domains I9yII9 and domain III, resulting in a ‘‘closed’’ DSD
containing two ‘‘functional units’’ (19), each an up-down-up
three-a-helix bundle (Figs. 1A and 2). By contrast, with an
up-down-down topology (Fig. 1B) the association of domains
IyII of the first monomer with domain III9 of a second
monomer leads to a structure in which domains I9yII9 and III
protrude from opposite ends of the functional unit. These
‘‘sticky’’ end-sequences would be expected to associate further
with other open monomeric units by forming three-helix
bundles and leading to a multimeric fibrous assembly.

The above considerations suggest that a domain-swapped
up-down-up three-a-helix bundle will form a closed, dimeric
structure, whereas an up-down-down construct will tend to form
open, fibrous oligomers.

Materials and Methods
Synthesis and Purification. Peptides were synthesized and purified
as described (20). Their molecular weights were verified by
matrix-assisted laser desorption mass spectrometry.
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Electron Microscopy. Samples were prepared for electron micros-
copy by dissolving lyophilized protein powder to a concentration
of 12.5 mgyml in either 50 mM Mes (pH 6.5) or in 50 mM Acetic
(pH 2.4). Protein solutions were held at room temperature for
30 min, then filtered through a 0.1-mm pore size Anodisc
(Whatman) membrane. The filtrate was held for an additional 15
min at room temperature before application to grids.

Carbon-coated parlodion support films mounted on copper
grids were made hydrophilic immediately before use by high
voltage alternating current glow discharge. Samples were applied
directly onto grids and allowed to adhere for 2 min. Grids were
rinsed with distilled water and negatively stained with 1% uranyl
acetate. Specimens were examined in an H-7000 (Hitachi,
Tokyo) telectron microscope at an accelerating voltage of 75 kV.

Fig. 1. Design of up-down-up and up-down-down three-helix bundles, and their domain-swapped counterparts. (A) Design of a DSD, beginning with Mon1
(up-down-up topology). (B) Design of a domain-swapped open aggregate, starting with Mon2 (up-down-down topology). (C) Helical wheel diagrams and amino
acid sequence of DSAg and DSD. Each helical wheel diagram illustrates a single functional unit. The topologies of the functional units of DSAg and DSD differ
only with respect to the orientation of helix III9 (antiparallel to helix I in DSAg and parallel in DSD). The positions of the Glu and Lys residues at the helix interfaces
have been arranged to differentially stabilize the two different topologies. Notice that the leucine-containing hydrophobic cores are identical. In the amino acid
sequences of DSD and DSAg, the leucine core (a and d heptad positions) are the same. Only the charged e and g positions are redistributed to reorient the
molecules.
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Dynamic Light Scattering. Dynamic light scattering was performed
on a DynaPro MS (microsampler) (Protein Solutions, Char-
lottesville, VA) dynamic light scattering instrument using the
DYNAMICS V4.0 software from Protein Solutions. Samples were
prepared by dissolving purified, lyophilized samples of DSD or
domain-swapped aggregate (DSAg) in 50 mM Mes (pH 6.5) or
50 mM Acetic acid (pH 2.4) to a concentration of 7.3 mgyml.
Samples incubated for 35 min before filtering through a 0.1-mm
Anodisc (Whatman) membrane and taking measurements.

Crystallization. Crystallization and data collection: Crystals of
DSD grew from 2.6 M ammonium sulfate, 100 mM Mes (pH 6.5),
100 mM NaCl, and 1% dioxane. X-ray diffraction data for both
native and derivative crystals were collected at room tempera-
ture by using an RAXIS IIC imaging plate detector system with
CuKa radiation and a monochromator from a Rigaku RU-200B
(Tokyo) generator operated at 50 kV and 100 mA. The crystal
to detector distance was 100 mm, and crystals were rotated about
the spindle axis with oscillation images collected in sweeps of 2°.
Native synchrotron data were collected at 2180°C at
Brookhaven National Laboratory beamline X12B where the
x-ray wavelength was tuned to 0.975 Å. The crystal-to-detector
distance was 188 mm. Crystals were rotated about the spindle
axis with oscillations collected in sweeps of 2°. All x-ray diffrac-
tion data were processed to 1.5 Å by using the program DENZOy
SCALEPACK (21). Intensities were converted to structure factors
by using the method of French and Wilson (22) as implemented
in the program TRUNCATE in the CCP4 suite of programs (23).

Solution Characterization. Sedimentation equilibrium andguani-
dine HCl denaturation (in 0.01 M Mes buffer (pH 6.5), 0.1 M
NaCl) was conducted as described (20). Thermal denaturation
curves between 2 and 94°C were monitored by measuring the
ellipticity at 222 nm in the circular dichroism (CD) spectrum of
the proteins. The concentration of Mon1 was 25 mM and the
curves measured in the presence of guanidine hydrochloride
(GdnzHCl), ranging from 0 to 2 M. Thermal unfolding curves for
35 mM DSD were measured at concentrations of GdnzHCl

ranging from 0 to 5.5 M. The data at intermediate GdnzHCl
concentrations were analyzed globally by using the Gibbs Helm-
holtz equation (24), adapted for a monomerydimer equilibrium.

Results
Sequence Design. The design of DSD and DSAg followed well-
known principles of protein design, which have been used in the
construction of three-helix bundles based on coil-Ser. To sim-
plify the synthesis and modeling, the helices in the target
structures were shortened to two heptads, as compared with
three heptads in earlier designs. The helices were connected by
loops to provide two bundles differing in topology, designated
Mon1 and Mon2. The above considerations suggest that a
domain-swapped up-down-up three-a-helix bundle will form a
closed, dimeric structure, whereas an up-down-down construct
will tend to form open, fibrous oligomers. To test this hypothesis,
we designed domain-swapped three-helix bundles with up-
down-up (DSD) and up-down-down (DSAg) topologies, as well
as their monomeric counterparts (Mon1 and Mon2). In each
case, the hydrophobic cores of these proteins consist exclusively
of leucine side chains. The connecting Loop 1 sequence is
intended to adopt a four-residue, right-handed interhelical loop,
with a g2aL2b2b main chain conformation (25). The loop
included a hydrophobic residue (Phe17), intended to cap the
hydrophobic core of the bundle. The precise positions of charged
glutamates and lysines at e and g positions of the helical heptads
were selected to stabilize electrostatically the desired topology
and to destabilize various alternatives. For example, the DSAg
sequence should have more favorable electrostatic interactions
in an oligomeric up-down-down topology, relative to the dimeric
up-down-up structure (Fig. 2). Comparison of the sequences of
DSAg and DSD (Fig. 1C) shows that all hydrophobic core
residues are conserved, with only six of the charged residues
exchanged. Thus, neglecting charged residues, DSAg and DSD
can be viewed as the same protein in two alternative 3D
domain-swapped forms: open-ended and extended for DSAg
and closed and dimeric for DSD. Although the DSD and DSAg
comprise the primary focus of this work, we also prepared Mon1
to establish that a three-helix bundle with relatively short helices
could indeed adopt a monomeric, folded helical structure, and
also to provide a standard for comparison with the domain-
swapped structures.

Analytical Ultracentrifugation. The aggregation state of Mon1,
DSD, and DSAg were examined by using equilibrium analytical
ultracentrifugation at concentrations of 100, 250, and 500 mM in
0.05 Mes buffer (pH6.5), 0.1 M NaCl. The data for Mon1 were
analyzed assuming a single, noninteracting molecular species,
yielding an apparent molecular weight in excellent agreement
with that expected for a monomer (4,900 vs. 4,920 Da, respec-
tively). At a loading concentration of 0.1 mM and lower, DSD
sedimented as a single species with an apparent molecular weight
of 10,900, in good agreement with that expected for a dimer
(10,500 Da). Thus, the protein adopts a very stable dimer, which
does not appreciably dissociate under these conditions. The
DSAg protein tended to form insoluble aggregates at long times.
However, the portion of the protein that remained in solution
showed an apparent molecular weight of 15,100, which is larger
than that expected for a dimer (10,500). Thus, this protein
tended to form higher order aggregates, although its tendency to
associate precluded a detailed analysis.

Thermodynamics of Folding. Mon1, DSD, and DSAg were highly
helical as assessed by CD spectroscopy (mean residue ellipticity,
[u222] 5 22,500 6 1,500 deg cm2zdmol21, 24,500 6 1,500 deg
cm2zdmol21, and 28,500 6 1,500 deg cm2zdmol21, respectively).
The thermodynamic stabilities of DSD and Mon1 were obtained
by measuring the variation of [u222], as a function of temperature

Fig. 2. The designed e–g salt bridges stabilizing the conformations for DSD
and DSAg. 1 indicates a positively charged Lys side chain; 2 indicates a
negatively charged Glu side chain. Colored cylinders represent the a-helical
domains. Notice DSD contains only two functional units, and the DSAg fibril
can contain an unlimited number of functional units because the C-terminal
domain of each monomer is always available to bind an additional molecule.
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at various concentrations of guanidine HCl. Because the hete-
reogeneity in the aggregation state of DSAg would render a
rigorous thermodynamic analysis very difficult, the stability of
this protein was not evaluated. The thermal denaturation curves

for Mon1 are very similar to those described previously for a3D,
a three-helix bundle based on Coil-Ser (13), showing high- and
low-temperature-induced folding transitions. However, as would
be expected from its very small size, the folding of Mon1 is
considerably less favorable. The thermodynamic parameters
obtained from a global analysis of the curves provides DCp 5
0.235 6 0.03 Kcal mol21zdeg21, DH0 5 7.8 Kcalymol, and TM 5
52°C. The free energy of folding, evaluated at room temperature,
was 0.5 Kcalymol.

The thermal and guanidine-dependent unfolding curves for
DSD were concentration dependent, indicating that folding and
dimerization were thermodynamically linked. The dissociation
constant for dimerization of DSD was determined to be 140 pM
by global analysis of the guanidine denaturation curves at two
peptide concentrations, 2.7 mM and 13.3 mM. In contrast to
Mon1, DSD is extremely resistant to thermal denaturation: it is
80% folded at 94°C. Thermal unfolding studies, conducted at
various concentrations of guanidine HCl (Fig. 3), provided
values of DH0 5 70.5 Kcalymol, DCp 5 0.68 6 0.04 Kcal
mol21zdeg21, and TM 105°C at 0 M Gdn (standard state, 100
mM). Comparisons of unimolecular and bimolecular processes
are fraught with difficulties associated with the choice of an
appropriate standard state. Nevertheless, it is apparent that DSD
is much more resistant to thermal and guanidine denaturation
than the corresponding monomeric derivative, Mon1, at all
experimentally accessible protein concentrations. The enhanced
stability of the structure is consistent with the larger structure
and more extensive burial of hydrophobic groups in DSD.

Structural Characterization of DSD. DSD was crystallized and its
structure determined by x-ray diffraction. Phases were found by

Fig. 3. Thermal denaturation of DSD. CD data monitoring the loss of helical
signal at 222 nm with increasing temperature at varying concentrations of
GdnzHCl: 0 M, 2.19 M, 3 M, 3.3 M, 3.6 M, 3.9 M, and 5.6 M, respectively. The
smooth lines represent theoretical curves obtained by using parameters from
the fitting procedure (see Materials and Methods).

Table 1. Data collection, phasing, and refinement statistics for the DSD

Data collection
and phasing

Native (room
temperature) Native (cryo) HgCl2 PIP K3UO2F5

Resolution, Å 32.6–2.1 28.6–1.5 32.6–2.9 32.6–2.4 29.2–2.9
Reflections, I/s . 0 (unique) 25,629 (5,532) 80,427 (14,635) 6,485 (2,183) 24,124 (3,808) 7,124 (2,167)
Completeness, % (high resolution shell, %)* 99.1 (98.7) 99.2 (94.1) 99.0 (100.0) 99.8 (100.0) 99.1 (99.5)
Rmerge (%)† 8.0 (28.9) 8.2 (27.9) 9.9 (31.6) 10.4 (25.5) 10.5 (29.7)
Rscale, %‡ — — 29.6 18.7 14.4
Phasing Power§ — — 0.71 (0.4) 1.12 (1.34) 1.16 (1.16)
Rcullis

¶ — — 0.58 0.48 0.44
No. of binding sites — — 2 2 3
Figure of Merit: 0.59 for 10–3.1 Å
Refinement Statistics

R-factor, % 19.9
Rfree, %\ 24.1
Rms bonds 0.018 Å
Rms angles 1.8°
Rms dihedrals 16.0°

X-ray data collection, phasing, and refinement statistics. Crystals were grown from purified DSD in the cubic space group P213, with room temperature cell
parameters a 5 b 5 c 5 65.24 Å, a 5 b 5 g 5 90°. Three heavy atom derivatives, Hg, Pt, and U, were used to determine phases, which were refined by using SOLVE

(26). Initial MIR maps were calculated by using the program FFT from the CCP4 suite of programs (23). These maps were improved by applying the solvent
flattening procedure from the program DM (27) where a-helical density was clearly identified. In subsequent rounds of refinement in XPLOR (28), the complete
sequence was built into model-phased, SIGMAA-weighted electron density maps (29). A bulk solvent correction protocol (30) was applied to the structure factors
in the resolution range from 30–1.5 Å and used throughout refinement. Map display and model building was performed in the program O (31). Rfree was
monitored in each round of refinement to avoid overfitting (32). To verify the quality of the model, simulated annealing omit maps (29, 33) were calculated in
which six contiguous residues at a time were omitted in the phase calculation (one residue overlap). The present model includes 718 protein atoms, 85 waters,
one sulfate ion, and one molecule tentatively modeled as trifluoracetic acid.
*Completeness calculated in the highest resolution shell. For the room temperature native data set, the high resolution shell was from 2.10–2.18 Å; for the cryo
native, 1.49–1.54 Å; for the HgCl2, 2.90–3.0 Å; for PIP, 2.4–2.49 Å; for K3UO2F5 2.90–3.0 Å.

†Rmerge 5 ShkluIi 2 ^I&u/Shkl Ii; conventional discrepancy R-factor for scaling intensities I.
‡Rscale 5 ShkluI 2 IPu/ShkluIPu, where uIPu is taken from the room temperature native dataset.
§Phasing power is the rms isomorphous difference over the rms residual lack of closure for accentric and (centric) reflections. Phasing power 5 ShkluFHu/ShkluFPH,obsu
2 uFPH,calcu.

¶Rcullis 5 Shkl (iFPH 6 FPu 2 FHcalcu)/Shkl uFPH 6 FPu.
\Rfree 5 Shkl i Fo u 2 u Fci/ Shkl uFou for a test set of 10% of all reflections.
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multiple isomorphous replacement and the structure was refined
to 1.5 Å (Table 1). The structure, as designed, forms a 3D DSD
(Fig. 1A). Most of the features designed into the DSD sequence
to stabilize the 3D DSD are confirmed by the crystal structure.
Residues 1a–14a, 19a–48a (monomer A), 1b–13b, and 19b–48b
(monomer B) are a-helical. The hairpin loops corresponding to
residues 15a–18a and 14b–18b form turns connecting domains I
and II of each monomer. The loop conformation is similar to that
of the design, and Phe17a and Phe17b cap the hydrophobic core
of the bundle. Nine of the 12 designed e–g salt bridges are formed
between adjacent monomers in the structure of DSD. The
glutamates and lysines in the remaining e and g positions that do
not form salt bridges to adjacent monomers within the DSD
interact electrostatically with adjacent symmetry-related mono-
mers related by a crystallographic three-fold axis.

It is noteworthy that the N termini of the two short helices in
DSD abut in the structure of the DSD. The partial positive
charges associated with the N termini of these helices are focused
within a small, 5-Å cleft as in natural proteins, which use similarly
oriented helices to bind anionic substrates (34). Thus, DSD may
have attractive possibilities for the evolution of novel binding
functionalities.

Structural Characterization of DSAg. The design of DSAg calls for
the e–g electrostatic interactions to orient open monomers into
a fibrous oligomer containing an indefinite number of molecules,
instead of an oligomer that stops at the level of a dimer, as in the
case of DSD. Because of the difficulty in crystallizing fibrous
proteins, we used negative staining electron microscopy, dy-
namic light scattering, CD spectroscopy, and Fourier trans-
form-IR spectroscopy to characterize DSAg.

At both acidic and neutral pH, electron micrographs show that
DSAg forms long fibrous aggregates (Fig. 4). The DSAg fibrils are
40–70 nm in width and up to several thousand nm in length. A
structural hierarchy is seen in the micrographs where the fibrils are
composed of several protofibrils, corresponding approximately to
the thickness of one to three triple-stranded a-helical bundles as
seen in the crystal structure of DSD. The protofibrils are thus
consistent with the dimensions of the designed DSAg fibril. In turn,
each a-helix of the three-a-helical bundle can be thought of as a
subprotofibril, having the width of 10–15 Å expected for a single
a-helix. At acidic pH (pH 2.4) fibrils of DSAg are also clearly seen
by negative staining electron microscopy (EM) (Fig. 4b), even

though at this low pH, many of the glutamates at eyg heptad
positions would be expected to be protonated.

For comparison, we also examined solutions of DSD by
negative staining EM. Near neutral pH (pH 6.5) no fibrils of
DSD were seen, however, some globular aggregates were ob-
served. At acidic pH (pH 2.4), solutions of DSD formed small
amorphous aggregates, but no long fibrils were observed.

Dynamic light scattering experiments on solutions of DSAg,
prepared with the same buffer conditions as our EM samples,
showed the presence of large molecular weight species: the
calculated radii of hydration ranged from 30–80 nm—within the
range of particles seen by EM. Although the light scattering
experiments cannot easily distinguish between fibrous aggre-
gates and amorphous aggregates, the electron micrographs
suggest that the large species seen in the light scattering exper-
iments are indeed fibrils. We conclude that DSAg, designed to
form fibrils, does form fibrils, with each fibril composed of
several protofibrils of diameter comparable to the three-a-
helical bundle of the design.

The DSAg protein is a-helical, as judged by infrared spec-
troscopy (Fourier transform-IR), showing an amide I9 band
characteristic of coiled coils (35, 36). Both in solution (20 mgyml
in D2O 0.01 M phosphate buffer (pH 6.6) with 0.1 M NaCl) and
following evaporation onto a CaF2 plate, a peak centered at 1640
cm21 was observed, and the spectra were devoid of peaks
characteristic of b-structure. We conclude that the fibrous
aggregates of DSAg are a-helical, as designed.

Discussion
The small size of the designed proteins and their well-studied
motif—coiled coils—has enabled us to probe the features
required for the design of open oligomeric structures as opposed
to closed dimers. These designed molecules demonstrate that
domain swapping can give rise either to dimers or higher-order
oligomers, depending on the topology of the original, mono-
meric bundle. The atomic structure of the linkages between
molecules in DSAg is not known directly from experiments, but
there are strong reasons to think it is the 3D domain-swapped
three-a-helical bundle of the design (Fig. 1B). First, the closely
related design of DSD is confirmed by x-ray crystallography to
be a 3D domain-swapped three-a-helical bundle. Second, the
functional unit designed into the fibril is chemically identical
(with an identical hydrophobic core) to that found in DSD.
Third, the design of DSAg would be expected to produce a fibril
through the pattern of continued 3D domain swapping. During
elongation of the fibril, each new functional unit is covalently
connected to the previous functional unit, and yet maintains the
chemically identical noncovalent interactions observed in the
structure of DSD. These results support the hypothesis that 3D
domain swapping can lead to fibril formation.

The ability to design synthetic fibrous proteins offers the
possibility of making self-assembling biomaterials with defined
properties for various applications. Because the structural basis
of the interaction in the DSAg fibril is established, more
elaborate versions could be tailored with other physical charac-
teristics by altering the amino acid sequence to exploit hydrogen
bonding, p stacking, and electrostatic forces. It could then be
possible to engineer fibrils with defined thickness, tensile
strength, solubility, and adhesion strength, as has been done in
the engineering of artificial hydrogels (37), silk-like proteins
(38), and other fibrous aggregates (39). One potential biotech-
nological application could be protein recruitment, noting that
the head-to-tail packing of the DSAg oligomer is reminiscent of
the packing between PDZ domains of the nNOS-Syntrophin
signaling complex (40). Furthermore, functional groups could be
added to the surface of the repeating protein unit, permitting the
fibrous protein to serve as a vehicle for drug localization and
deposition. Thus the DSAg fibril illustrates the use of a specific

Fig. 4. Electron micrographs of the DSAg fibrils. (a) DSAg at neutral condi-
tions (pH 6.5) under 370,000 magnification. (b) DSAg at acidic conditions (pH
2.4) under 370,000 magnification. The Inset is shown at 3276,000 magnifi-
cation. Notice the fibril is composed of several protofibrils.
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interaction—3D domain swapping—for the design of a new class
of fibrous proteins, and can serve as a prototype for future
designs of self-assembling fibrous polymers.
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